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— -*I n  an  attempt  to  improve  the  CNS  delivery  of  quaternary  pyridinium  oxime 
regenerators  of  acotylcholinr-stera.se  (AC hi',)  ,  we  have  initiated  chemical  and 
biochemical  studies  on  structural  analogs  and  prodrug  forms  of 
N-methy lpyridinium  2-carba ldoximo  (2-PAM,  7).  Over  the  past  year  wo  have 
concentrated  our  efforts  on  synthesizing  two  basic  types  of  Pro-PAM 
derivatives.  Series  T  are  dihydropyr id i n i urn  oximos  1_  and  2  which  possess 
electron  withdrawing  substituents  in  the  3-  or  S-position.  These  compounds 
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equire  oxidation  ( latentation)  to  generate  the  substituted  2-PAMs  5^  and  6.  It 
is  hoped  that  the  electron  withdrawing  substituent  will  stabilize  the  dihydro¬ 
pyridine  structure  and  produce  a  slow  in_  vitro  conversion.  Series  II  are  tetra- 
hydropyridinium  oximes  3_  which  possess  a  labile  ring  substituent.  These  masked 
prodrugs  (double  latentation)  are  addition  products  of  dihydropyridinium  oxime  4 
(Pro-2-PAM)  and  require  a  two  step  (elimination  and  oxidation)  conversion  to  the 
active  quaternary  oxime  1_  (2-PAM)  v 
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Series  I 


Series  II 


In  series  I  the  5-substituted-2-PAMs  (R=CN,I)  and  a  3-substituted-2-PAM  6 
(R=I)  have  been  synthesized  and  characterized.  In  series  II  the  tetrahydropy- 
ridinium  oximes  2_  (X=CN,SCN)  have  been  made  and  characterized. 

A  screening  assay  employing  immobilized  AChE  has  been  developed.  AChE 
covalently  attached  to  functionalized  polycthy lene  beads  shows  good  esterase 
activity  and  is  stable  when  stored  at  -16  C  for  up  to  two  months.  The  AChE 
activity  of  the  immobilized  enzyme  can  be  continuously  monitored  spoctrophoto- 
metrically  in  a  closed  loop  fashion  using  acety 1 thiochol ine  arid  dithiobis 
(nitrobenzoic  acid).  The  assay  allows  for  independent  inactivation  and  reactiv¬ 
ation  of  AChE,  followed  by  the  determination  of  regenerated  AChE  activity. 

Both  charged  (2-PAM,  TMB-4)  and  uncharged  (MINA)  regenerators  were  used  to 
evaluate  and  standardize  the  assay.  N-Methy 1-3- iodo-2-pyr idinium  earbaldoximo 
(6,  F=I)  was  found  to  be  approximately  A  O'*  as  active  as  2-PAM  in  the 
immobilized  AChE  screening  assay. 
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report  do  not  constitute  an  official  Department  of  the  Army 
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Summary 

In  an  attempt  to  improve  the  CNS  delivery  of  quaternary  pyridinium  oxime 
regenerators  of  acetylcholinesterase  (AChE),  we  have  initiated  chemical  and 
biochemical  studies  on  structural  analogs  and  prodrug  ferns  of 
N-methylpyridinium  2-carbaldoxime  (2-PAM,  7) .  Over  the  past  year  we  have 
concentrated  our  efforts  on  synthesizing  two  basic  types  of  Pro-PAM 
derivatives.  Series  I  are  dihydropyridinium  oximes  _1  and  2  which  possess 
electron  withdrawing  substituents  in  the  3-  or  5-position.  These  compounds 
require  oxidation  (latentation)  to  generate  the  substituted  2-PAMs  _5  and  6. 

It  is  hoped  that  the  electron  withdrawing  substituent  will  stabilize  the  _ 
dihydropyridine  structure  and  produce  a  slow  in  vivo  conversion.  Series  II 
are  tetrahydropyridinium  oximes  3_  which  possess  a  labile  ring  substituent. 
These  masked  prodrugs  (double  latentation)  are  addition  products  of 
dihydropyridinium  oxime  4_  (Pro-2-PAM)  and  require  a  two  step  (elimination  and 
oxidation)  conversion  to  the  active  quaternary  oxime  7  (2-PAM). 


Series  I 


Series  II 


In  series  I  the  5-substituted-2-PAMs  _5  (R=CN,I)  and  a  3- 
substituted-2-PAM  (R*I)  have  been  synthesized  and  characterized.  In  series 
II  the  tetrahydropyridinium  oximes  (X=CN,SCN)  have  been  made  and 
characterized. 

A  screening  assay  employing  immobilized  AChE  has  been  developed.  AChE 
covalently  attached  to  functionalized  polyethylene  beads  shows  good  esterase 
activity  and  is  stable  when  stored  at  -16°C  for  up  to  two  months.  The  AChE 
activity  of  the  immobilized  enzyme  can  be  continuously  monitored 
spectrophotometrically  in  a  closed  loop  fashion  using  acetylthiocholine  and 
dithiobis(nitrobenzoic  acid).  The  assay  allows  for  independent  inactivation 
and  reactivation  of  AChE,  followed  by  the  determination  of  regenerated  AChE 
activity.  Both  charged  (2-PAM,  TMB-4)  and  uncharged  (MINA)  regenerators  were 
used  to  evaluate  and  standardize  the  assay.  N-Methy l-3-iodo-2~pyridininm 
carbaldoxime  (6^  R»I)  was  found  to  be  approximately  50%  as  active  as  2-PAM  in 
the  immobilized  AChE  screening  assay. 
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A.  Problem 

1 .  Design  and  Synthesis  of  Pro-PAM  Agents 

The  overall  objective  of  the  project  is  to  improve  central  nervous 
system  (CNS)  delivery  of  quaternary  pyridinium  oxime  regenerators  of 
acetylcholinesterase  (AChE).  The  specific  chemical  problem  is  to  design  and 
synthesize  nonquaternary,  lipophilic  prodrugs  of  pyridinium  oximes  which  can 
be  easily  transformed  _in  vivo  into  active  quaternary  regenerators.  There  are 
two  basic  designs  which  are  currently  being  investigated: 

a)  Dihydropyridine  carboxaldoximes  and  2  substituted  at  the  3-  or 
5-position  with  an  electron  withdrawing  group  (R)  -  activation  of  those 
compounds  to  quaternary  pyridinium  oximes  requires  simple  oxidation. 

b)  Tetrahydropyridine  oximes  3_  substituted  at  the  2-position  with  a  labile 
leaving  group  (X).  Activation  of  these  analogs  requires  elimination  (-I1X) 
followed  by  oxidation  to  generate  quaternary  pyridinium  oximes. 


The  rate  and  efficiency  by  which  the  parent  quaternary  pyridinium  oxime 
of  each  Pro-PAM  analog  is  generated  will  need  to  be  determined  in  order  to 
evaluate  their  suitability  for  therapeutic  use.  The  pKa's  and  partition 
coefficients  of  the  parent  pyridinium  oximes  and  prodrug  forms  will  need  to 
be  measured  in  order  to  evaluate  the  prodrug's  ability  to  penetrate  membranes 
and  it's  ability  to  react  as  a  nucleophile  with  the  phosphory lated  enzyme. 

2.  Biological  Testing 

All  Pro-PAM  derivatives  and  their  parent  pyridinium  oximes  require 
evaluation  as  regenerators  of  AChE  deactivated  with  an  organophosphate .  It 
is  necessary  to  devise  an  in  vitro  screening  assay,  which  can  be  used 
aerobically  to  evaluate  the  efficacy  of  the  parent  quaternary  pyridinium 
oximes  and  anaerobically  to  evaluate  their  prodrug  forms.  To  test  the 
effectiveness  of  the  proposed  oximes  on  the  survival  of  organophosphate 
treated  animals  it  will  be  necessary  to  set  up  an  in  vivo  screening 
protocol . 
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B.  Background 

Organophosphates  as  a  class  owe  their  toxicity  to  their  ability  to  react 
covalently  with  the  esteratic  site  of  AChE.  AChE  is  the  enzyme 
responsible  for  hydrolyzing  the  neurotransmitter  acetylcholine  once  it  has 
functioned  in  a  neurochemical  event.  The  phosphorylated  enzyme  can  be 
reactivated  by  a  variety  of  agents.  There  is,  however,  a  competing  "aging1' 
process  whereby  the  inactivating  phosphoryl  group  either  migrates  to  an 
adjacent  amino  acid  residue1  or  is  partially  hydrolyzed.2*3  Phosphorylated 
AChE  which  has  undergone  this  "aging"  process  is  not  easily  reactivated. 

Thus  rapid  reactivation  of  the  poisoned  enzyme  in  all  effected  tissues  is 
highly  desirable. 

I.  B.  Wilson  discovered  2-PAM  (7),  which  is  now  one  of  the  most  widely 
used  and  therapeutically  effective  AChE  regenerators.  Wilson  postulated 
that  the  electrostatic  attraction  of  the  quaternary  nitrogen  helped  orient 
the  oxime  moiety  toward  the  phosphorylated  esteratic  site  (Figure  1).  4_ 
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Since  the  discovery  of  2-PAM  there  have  been  a  variety  of  other  organic 
oximes  which  have  been  synthesized  and  screened  for  AChE  regenerating 
activity.  The  charged  bis  oximes  TMB-4  (jS)  and  HI-6  (j))  have  both  proven  to 
be  potent  reactivators,  but  suffer  from  poor  tissue  penetration,  short  serum 
half  lives  and  toxicity  problems.8-11  Neutral  oximes  such  as  MINA  (10)  and 
5-hydroxyiminomethyl-3-phenyl-l,2,4-oxadiazole  (11)  have  shown  much  less 
potent  regenerator  ability,  but  do  possess  better  lipid  solubility.12-14 

Investigations  into  the  structure  activity  relationships  of  substituted 
2-PAMs  has  produced  some  interesting  information.  In  general,  electron 
withdrawing  substituents  shift  the  pKa  of  the  pyridinium  oxime  to  values 
below  the  optimum  range  of  7. 4-7. 8  and  electron  donating  substituents  shift 
it  higher.4*15  Some  5-substituted  2-PAMs  (Cl,  CH3)  were  approximately  as 
effective  as  2-PAM  in  whole  animal  survival  studies  even  though  Jai  vitro 
testing  showed  them  to  be  less  effective  at  regenerating  deactivated  AChE.  1(5 


These  results  indicated  that  the  active  site  can  tolerate  minor  structural 
changes  in  2-PAM  and  further  that  desirable  solubility  characteristics  might 
be  incorporated  into  the  molecule  without  significantly  reducing  its 
reactivating  capabilities.  In  an  attempt  to  increase  the  lipid  solubility  of 
2-PAM,  N-dodecyl-2-pyridinium  carbaldoxime  (2-PAD)  was  made.  It  possessed 
increased  lipid  solubility,  but  proved  to  be  far  less  effective  than  2-PAM  at 
in  vitro  reactivation.1 


1 


Only  trace  amounts  of  2-PAM  can  be  detected  in  the  CNS  following  i.v. 
injection.1  Due  to  its  high  water  solubility  the  intact  drug  is  rapidly 
eliminated  from  the  body  with  an  observed  half  life  in  humans  of  less  than 
one  hour,  ^blood  levels  fall  below  the  therapeutically  effective  range  after 
1-2  hours.  -  Significant  brain  levels  of  2-PAM  can  only  be  achieved  by 

intraventricular  injections  of  the  drug.21*22 

Asphyxiation  due  to  suppression  of  the  central  respiratory  center  is  the 

ultimate  cause  of  death  in  mammals  exposed  to  anticholinesterase 

2  3  24 

agents.  '  »  The  lipid  permeability  of  many  organophosphates  allows  them 
to  penetrate  many  body  tissues  including  the  CNS  which  are  impermeable  to  a 
charged  molecule  like  2-PAM.  Therefore  the  need  to  regenerate  AChE  in  the 
CNS  is  obvious. 


The  delivery  of  2-PAM  to  the  highly  lipid  CNS  was  a  problem  which 
resisted  solution  until  the  pioneering  work  of  Shek,  Bodor  and  Higuchi.' 

The  University  of  Kansas  group  synthesized  a  prodrug  of  2-PAM.  Working'  on 
the  hypothesis  that  a  tertiary  amine  would  have  little  difficulty  penetrating, 
the  CNS,  they  synthesized  a  partially  reduced  form  of  2-PAM  which  was  .1 
latent  quaternary  amine.  figure  2  illustrates  how  they  trapped  the  reduced 


form  of  2-PAM  as  a  cyanide  addition  product  _1_2  which  upon  careful 
decomposition  afforded  Pro-2-PAM  (4).  The  pKa  of  4_  was  determined  to  be  6.3 
which  was  good  for  favorable  physiological  partitioning.  Much  like  the 


NAD-NADH  redox  system,  they  found  that  in  vivo  oxidation  of  4_  to  2-PAM  (7) 
took  place  in  approximately  1  minute.27  This  was  sufficient  time  to  allow 


the  drug  to  cross  the  blood-brain  barrier  producing  a  13  fold  increase 
in  brain  levels  of  2-PAM.28 
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Prodrug  Design 


Our  current  work  at  the  Universty  of  Kansas  intends  to  build  on  and 
exploit  the  initial  findings  of  Shek,  Bodor  and  Higuchi.  -2  We  have  over 
the  past  year  focused  our  efforts  on  two  approaches. 

a.  Series  I  -  Dihydropyridinium  oximes 


In  the  first  series  of  compounds  the  intent  was  to  reduce 
measurably  the  rate  of  oxidation  of  a  dihydropyridinium  oxime  to  its  active 
parent  quaternary  form  by  stabilizing  the  dihydro-structure  with  electron 
withdrawing  substituents.  It  is  known  from  the  literature  that  an  electron 
withdrawing  group  in  the  3-  or  5-  position  stabilized  the  dihydropyridines  _1_4 
and  15,  relative  to  22.it^irou8^  electron  delocalization. 29 


By  synthesizing  3-  and  5-substituted  Pro-2-PAMs  16-19,  it  is  hoped  that  the 
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rate  of  conversion  from  prodrug  to  the  active  quaternary  pyridinium  oxime 
forms  can  be  slowed  thus  allowing  more  time  for  partitioning  into  the  CNS 
compartment  (Figure  3).  There  may  very  well  be  a  trade  off  between  reduced 
reactivating  ability  of  the  substituted  pyridinium  oxime  and  increased  tissue 
permeability  of  the  prodrug  form.  However,  this  can  only  be  determined  by  in 
vivo  testing. 
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b.  Series  II  -  Tet rahydr opy r idinium  Oximes 

The  second  series  of  compounds  we  have  examined  this  past 
year  are  prodrugs  which  require  a  two  step  conversion  to  the  a^ive 
quaternary  pyridinium  oxime  -  double  latentation.  Shek  et  al.  5  in  their 
synthesis  of  Pro-2-PAM  trapped  the  dihydropyridinium  structure  as  a  cyanide 
addition  product  J_2  (Figure  2).  Our  intent  is  to  take  advantage 
of  this  trapping  mechanism  using  nucleophiles  (X)  such  as  SCN,  SO3H,  I,  Br 
and  f)CN ,  which  we  hope  will  be  as  labile,  but  less  toxic  than  cyanide.  The  ■ 
doubly  latent  structures  3  could  generate  Pro-2-PAM  (4)  in  vivo. 
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Figure  4  illustrates  how  the  chances  of  a  neutral  species  crossing  membranes 
otherwise  impermeable  to  the  charged  pyridinium  oximes  is  effectively 
increased.  Our  initial  thrust  has  been  to  synthesize  doubly  latent  forms  of 
2-PAM  since  it's  regenerating  capabilities  and  pharmacokinetics  have  been 
extensively  documented  in  the  literature. 


Blood-Brain  Barrier 


Figure  4 


2.  Biological  Evaluations 


I 

I 

a.  In  Vitro  Assay  j 

( 

We  have  focused  our  attention  in  the  past  year  on  developing  a 
reliable,  workable  in^  vitro  assay  as  a  preliminary  screening  technique  for 
the  AChE  regenerators  being  synthesized  in  our  laboratories.  The  basic 
Ellman  technique  (Figure  5)  appeared  to  be  a  viable  assay  which  did  not 
require  any  dedicated  equipment  other  than  a  spectrophotometer.30  The  intent 
was  to  have  a  rapid  and  efficient  assay  to  be  used  as  a  primary  screen  for 
the  parent  quaternary  pyridiniura  oximes.  In  this  manner  the  quaternary 
oximes  which  exhibited  poor  or  negligable  reactivation  capabilities  could  be 
identified  which  would  allow  us  to  concentrate  our  efforts  on  synthesizing 
prodrugs  forms  of  the  most  active  regenerators.  In  addition  many  of  the 
prodrugs  are  oxygen  sensitive  which  requires  that  the  assay  be  adaptable  to 
anaerobic  conditions.  All  of  the  above  requirements  (i.e.  rapid,  reliable, 
sensitive  and  adaptable  to  anaerobic  conditions)  led  us  to  the  Ellman 
technique  to  measure  AChE  activity  (Figure  5)  and  the  use  of  an  immobilized 
AChE. 
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Figure  5.  The  Ellman  Technique  for  Measuring  AChE  Activity 

ATC  -  Acetylthiochol ine ;  DTNB  -  5 , 5 ' -Dithiobis (2-N i tro- 
benzoic  Acid) 


D.  Results 


1 .  Syntheses 

a.  Series  I  -  Dihydropyrldinium  Oximes 

Our  original  strategy  for  the  synthesis  of  the  3-cyano-substituted 
pyridlnium  <^ime  was  to  prepare  the  intermediate  3-amino-2-picoline  (23) 
(Figure  6).  However,  nitration  of  6-amino-2-picoline  (20)  produced  not 
only  the  desired  3-nitro-compound  2_l_,  but  also  6-amino-5-nitro-2-picoline 
(22) .  The  overall  yield  was  reasonable  (80%),  however,  purification  and 
separation  of  the  Isomers  proved  to  be  difficult,  which  caused  us  to  abandon 
this  approach. 
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Figure  b 


Figure  _7  outlines  the  alternate  approach  which  was  undertaken  for  the 
synthesis  of  the  3-  and  5-  cyano-substituted  pyridinium  oximes  33_  and  34_.  By 
modifying  a  literature  preparation  for  5-iodo-2-picoline ( _25) ,  we  obtained  not 
only  the  desired  5-iodo-2-picoline  (2J>)  but  also  the  3-iodo-compound  The 

overall  yield  was  30%  with  the  isomers  in  roughly  equal  proportions.  The 
iodopicolines  could  be  separated  chromatographically  and  each  isomer  was 
characterized  spectrally.  Due  to  the  volatility  of  these  compounds  and 
difficulty  in  separation  i^  was  more  convenient  to  work  with  the  mixture. 
Using  the  method  of  Craig  ,  a  CuCN  displacement  on  25_  and  _26  yielded  the  5- 
and  3-cyanopicolines  27_  and  28  (75%  combined  yield).  Here  again  the 
compounds  could  only  be  separated  by  chromatographic  techniques.  5-Cyano-2- 
picoline  (27)  was  obtained  as  pure  material,  but  the  3-cyano-isomer  28_  was 
always  contaminated  with  traces  of  the  3-isomer.  Despite  the  lack  of 
literature  precedence  we  attempted  an  I2/DMSO  oxidation15  of  the  cyano- 
picolines.  5-Cyano-2-picoline  (27 )  was  oxidized  to  aldehyde  ^9,  however, 
3-cyano-2-picoline  (28)  did  not  yield  the  corresponding  aldehyde  3CK  The 
yield  ( 55% )  in  the  oxidation  step  was  only  modest,  however,  it  appeared  to  be 
the  most  direct  route  to  the  desired  intermediate  29_.  The  5-cyano-2- 
picolinealdehyde  (29)  was  then  condensed  with  hydroxylamine  under  neutral 
conditions  to  give  oxime  8°°^  yields  (702).  Quaternizat ion  of 

5-cyano-2-pyridine  carbaldoxime  _31_  to  form  _33  proved  to  be  more  difficult 
than  anticipated.  The  cyano  moiety  delocalized  electrons  so  effectively  that 
the  methylatlon  required  a  20-30  fold  excess  of  methyl  iodide  in  a  sealed 
tube  at  80-100°C.  In  addition  the  reaction  was  accompanied  by  formation  of 
elemental  iodine  (methyl  iodide  decomposition)  unless  run  under  nitrogen. 
Dimethy lsulfate  would  alkylate  the  ring  nitrogen  under  somewhat  less  forcing 
conditions,  but  conversion  to  a  halide  counter  ion  and  purification  were  mor- 
difficult. 

Both  the  3-  and  5-iodo-2-picolines  (25^  and  lb)  were  oxidized  by  Iy/DMSO 
to  afford  the  corresponding  aldehydes  Yl_  and  _38  (54%  total  yield).  It  was 
interesting  that  despite  having  a  larger  atom  at  the  3-position  , 
3-iodo-2-picol ine  (2fO  could  be  oxidized,  whereas  the  3-cyano-corapouod 
could  not.  The  implication  was  that  electronic  rather  than  steric  factors 
were  involved.  The  lodoplcolinealdehydes  and  wt?re  easiet  to  separate 
chromatographically  than  the  iodopicolines  25  and  2b.  The  iodopl col i no - 
aldehydes  _37.  and  J8  we  re  successfu  ny  condensed  with  hydroxylamine  and 
methylated  with  methyllodide  to  afford  3-  and  5- i odopy r i d i n i um  oximes  and 
42. 

The  synthesis  of  the  J-cyano-subst  ituted  oxime  3^  lias  not  yet  been 
completed,  but  should  be  achievable  from  the  3- lodopi  co  1  i  him  1  dehyde  IS  which 
upon  treatment  with  C11CN  yields  the  3-cyano-al  dehyde  _3h.  The  yiel  I  is  pool 
(10%),  but  optimization  of  this  step  is  being  attempted. 

In  an  attempt  to  Mud  mote  direct  synthetic  routes  to  the  i  .11  V-  ,  . 

substituted  pyridinium  oximes  w  investigated  carbuoion  additions  t  >  ,  jito  • 

pyridine  (45).  Based  on  literature  precedence  *  we  treated  I-cyanopv t  i  hue 
(45)  with  metby  1  1  i  t  hi  um.  When  the  addition  r.ite,  reaction  t  empe  r  a  t  1 1  •  •  aid 
time  were  carefully  controlled,  sign!  f  leant  amounts  >t  :>-cyuno -2-|>l  c  >1  1  no 
(27)  could  be  obtai  ned .  I'nde  r  none  of  the  react  i  on  c.»ud  i  t  ions  .-mp  1  v-  .t  ill 
we  isolate  any  3-cyano-.*-p  i  <0  1  i  ne  (2b). 
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An  extension  of  the  technique  to  include  the  addition  of  a  "formyl 
equivalent”  (2-Lithio-l ,3-dithiane  46)  gave  a  mixture  of  2,3-  and 
2,5-addition  products  47 _  and  _4I3  (Figure  8).  At  -40°C  the  2,5-isomer  _47  was 
formed  almost  exclusively.  As  the  temperature  of  the  addition  was  increased 
to  -10°C  more  of  the  2,3-isomer  _4I3  was  produced,  but  never  exclusively. 
Further  the  2,5-isomer  47_  could  be  hydrolyzed  to  5-cyano-2-picolinealdehyde 
(29)  in  good  yields  (40-60%)  using  mercuric  chloride.  The  2,3  isomer  48 , 
however,  could  not  be  successfully  deprotected  to  yield  the  desired  aldehyde 
30  using  HgCl2/HgO  in  methanol/water,  13  acetonitrile/water, 
tetrahydrofuran/water 36  or  CuCl2/CuO  in  acetone. 
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Figure  8 


Figure  10 

not  yield  the  desired  product  3  (X=SCN).  The  desired  product  _3_  (X=SCN)  was 
isolated  when  the  pH  of  the  reaction  was  brought  to  the  7-8  range.  A  40-60% 
yield  was  obtained  and  the  desired  product  was  characterized  spectrally. 

The  cyanide  addition  product  3^  when  incubated  at  room  temperature  In  pH 
7.0  buffer  (phosphate)  was  converted  to  a  product  having  a  Amax  identical  to 
2-PAM.  Positive  identification  of  the  conversion  product  as  2-PAM  is 
currently  in  progress. 

2 .  Bloassay 

a.  Jji  Vitro  Acetylcholinesterase  Assay 

Regenerators  of  AChE  were  evaluated  _in  vitro  using  purified  AChE  which 
was  deactivated  by  diisopropylf luorophosphate  (DFP).  A  convenient  assay  for 
measuring  regenerated  AChK  activity  was  described  by  Ellman  et  al.  which 
utilizes  acetylthiocholine  as  enzyme  substrate  and  measures 
spectrophotometrical ly  (412  nm)  the  formation  of  thiocholine  by  its  reaction 
with  Hit  hiol.i  r;(nitrobenzoic  acid)  (DTNB)  as  illustrated  in  Figure  6.  The 
major  problem  with  using  the  Ellman  technique  in  screening  oxime  regenerators 
was  the  fact  that  these  regenerators  caused  nonenzymatic  hydrolysis  of 
acetylthiocholine  at  a  rate  which  was  dependent  on  oxime  concentration 
(Figure  11).  Evaluating  the  effectiveness  oi  oxime  regenerators  can  also  be 
complicated  by  the  fact  that  the  phosphory lated  oximes  which  form  serve  us 
potent  phosphory  lat ing  agents. 

To  overcome  these  problems  we  modified  the  assay  to  incorporate 
immobilized  AChE.  The  use  of  immobilized  AChE  had  the  potential  advantage 
that  regeneration  of  deactivated  enzyme  could  be  carried  out  in  the  absence 
of  substrate,  chromogen  (DTNB)  and  excess  DFP.  Any  excess  oxime  is  well  as 
phosphory lated  oxime  was  washed  from  the  system  prior  to  measuring 
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regenerated  enzyme  activity.  Hence  the  inactivation,  regeneration  and 
measurement  of  AChE  activity  were  carried  out  as  separate  and  discrete 
steps . 

In  Figure  12  the  general  scheme  used  to  immobilized  AChE  on  polyethylene 
beads  is  shown.  The  process  is  a  modification  of  the  technique  reported  by 
Ngo,  Laidler  and  Yam3  for  the  covalent  attachment  of  AChE  to  polyethylene 
tubing.  The  immobilized  AChE  had  an  activity  of  approximately  0.5  units/bead 
which  was  stable  for  up  to  8  weeks  stored  at  -16°C  (MOPS  buffer  0.1  M,  pH 
7.8,  40%  glycerol).  The  immobilized  enzyme  was  then  incorporated  into  the 
closed  loop,  flow-through  system  illustrated  in  Figure  13.  At  low  substrate 
concentrations  the  rate  of  AChE  activity  appeared  to  be  diffusion  controlled 
at  the  bead  surface  (Figure  14)  which  was  consistent  with  the  results 
reported  by  Ngo  et  al.  using  AChE  immobilized  on  polyethylene  tubing. 

The  flow-through  system  allowed  us  in  separate  operations  to  measure  AChE 
activity,  to  inactivate  the  enzyme  with  DFP,  to  regenerate  the  enzyme 
activity  with  an  oxime  and  to  measure  the  regenerated  AChE  activity.  Flow 
rate  dependent  kinetics  were  not  observed  when  the  substrate  was  at 
saturation  and  in  practice  the  assays  were  run  at  saturation  with  an 
intermediate  flow  rate  of  5.8  ml/minute.  Figures  15-17  represent  the 
characterization  of  2-PAM  (_7 ) ,  TMB-4  (8)  and  MINA  (^_0)  reactivation  of  DFP- 
inactivated  immobilized  enzyme.  In  Table  1  we  have  compared  the  extent  of 
reactivation  using  various  reactivators  as  measured  by  others  versus  the 
method  developed  in  our  laboratory. 


Table  1 

Comparison  of  Reactivaors  using  Various  Assays 


sactivator 

Cone. 

Time  ° 

l  Reactivation 

Method 

Ref  . 

2-PAM 

10"  3M 

2 

hr 

100 

Ellman 

40 

2-PAM 

2.5  x  10“ 3M 

45 

min 

80 

* 

2-PAM 

10"  SM 

45 

min 

75 

CO  2equi 1 

41 

2-PAM 

2  x  10“ SM 

45 

min 

45 

* 

TMB-4 

10“  ^M 

45 

rain 

100 

CO  oequi 1 

42 

TMB-4 

2  x  10" bM 

45 

min 

70 

* 

TMB-4 

io-  4M 

45 

min 

60 

Tit rame t  r ic 

43 

MINA 

10“  ?'A 

45 

mi  n 

15 

Titrametric 

1  2 

MINA 

10" 'l  l 

45 

min 

60 

•k 

is  measured 

in  our  laboratories 

using, 

immobilized  AChE  and 

1  the  Ellman 

technique. 
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switching  valves.  Reactivator  was  directed  through  the  column 
for  the  desired  exposure  time,  flushed  from  the  system  and  the 
contents  of  Flask  2  cycled  through  the  column  to  determine  the 
level  of  regenerated  enzyme  activity. 


ASSAY 


DETECTOR  COLUMN  OF  BEADS  PERISTALTIC 
RECORDER  WITH  IMMOBILIZED  PUMP 


Fiquro  14  Lincwcavor-Burkr  Plot  of  ArhF.  Activity  .it  V.irinu  > 
Ratos  of  Substrate  and  Chronnijon 

A  -  14  ml/mi  n,  Vmax  -  4.  OR  x  10  *\  Km  -  0 .  1 r.  x  lo 
B  -  R.7  ml/m  in,  Vmax  -  4.07  x  10  f' ,  Km  -  7.21  x  lo 
C  -  4.2  ml/min,  Vmax  -  4.00  x  10  ’  Km  -  ,1.ri2  x  lo 
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E.  Discussion 


Some  of  the  intended  synthetic  approaches  have  been  either  abandoned  or 
revised  because  the  procedures  were  cumbersome  and  separation  &  purification 
of  the  resulting  products  were  laborious  and  time  consuming.  However,  the 
revised  synthetic  schemes  (Figures  7,8)  developed  during  the  past  year  should 
yield  the  desired  3-  and  5-substituted  2-PAMs  and  Pro-2-PAMs.  5-Cyano-2-PAM 
(33)  has  been  prepared  and  characterized. 

Since  the  iodopicolines  25^  and  26_  were  available  as  intermediates,  we 
decided  to  synthesize  the  iodo-subst ituted  2-PAMs.  Both  3-  and  5-iodo- 

2- PAMs  4_1_  and  42^  have  been  prepared  and  characterized.  The  3-iodo-2-PAM 
has  been  assayed  for  its  ability  to  reactivate  organophosphate-inactivated 
AChE  ija^  vitro  and  it  exhibits  approximately  50%  the  activity  of  2-PAM 

(10“  M) .  This  indicates  that  the  active  site  of  the  enzyme  can  accommodate  a 
pyridinium  oxime  with  a  large  electron  withdrawing  substituent  in  the 

3- position.  Although  a  precise  pka  of  k2_  has  not  yet  been  determined,  it 
appears  that  the  substitution  of  iodine  at  the  3-position  of  2-PAM  has  not 
significantly  altered  the  ionization  constant  of  the  oxime. 

The  direct  addition  of  a  methyl  equivalent  to  3-cyanopyridi ne  (45)  via 
methyl  lithium  provided  us  with  an  alternate  and  shorter  route  to  the 
synthesis  of  5-cyano-2-picoline  (27 ) .  The  addition  of  a  "formyl  equivalent" 
46  to  3-cyanopy ridine  did  afford  a  mixture  of  the  2,3-  and  2,5-addition 
products  kl_  and  Hydrolysis  of  _4_7  afforded  the  5-cyano-2-picollnealdehyde 

(29),  but  we  could  not  successfully  deprotect  48^  to  give  30_.  We  were  able  to 
synthesize  3-cyano-2-picolinea ldehyde  _30  via  CuCN  displacement  of  3-iodo- 
picolinealdehyde  (38^.  This  should  provide  us  direct  access  to  3-cyano-2-PAM 
(M^)  •  That  will  allow  us  to  draw  some  conclusions  about  steric  versus 
electronic  effects  on  the  2-PAM  molecule  when  binding  and  reactivating 
capacities  are  examined. 

It  should  be  noted  here  that  all  of  the  iodo-  and  cyano-subst i tilted 
picolines  and  pi  colinea  ldehydes  were  reasonably  volatile  and  had  low  melting, 
points.  Purification  of  these  compounds  by  convenient  techniques  such  as 
recrystallization,  distillation  and  sublimation  was  not  possible. 

Work  on  the  double  latentation  species  3_  was  started  only  recently. 
However  both  the  2-cyano-  and  2-thiocyano-tet rahydropyr idiniura  oximes  _3 
(X=CN,  SCN)  have  been  prepared.  It  should  be  noted  that  the  -thioeyuno 
adduct  _3  (X=SCN)  required  reactions  conditions  different  from  those  employed 
in  the  synthesis  of  3  (X=CN).  It  may  be  that  for  every  ProPAM  3_  synthesized, 
the  nucleophilic  trapping  reaction  will  require  a  unqiue  set  of  conditions. 

The  double  latentation  approach  looks  promising  and  appears  to  be  a  very 
exploitable  approach.  Since  the  efficacy  of  2-PAM  as  a  regenerator  of 
organophosphate  inactivated  AChE  lias  been  well  documented,  we  are  not 
developing  a  new  regenerator,  but  improving  the  delivery  of  a  proven  one. 

One  potential  problem  with  tills  approach  is  that  of  the  lag  time  for 
conversion  to  2-PAM.  It  may  weil  take  too  long  for  the  two  step  activation 
to  occur,  A  latent  period  which  is  too  long  also  puts  the  ptodrug  at  the 
mercy  of  the  body's  metabolic  system  which  could  convert  It  to  other  forms 
before  it  can  be  converted  into  2-PAM. 
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The  development  of  the  Immobilized  enzyme  screening  assay  was  the 
culmination  of  many  frustrating  attempts  to  make  a  soluble  AChE  assay 
workable.  The  soluble  AChE  assay  had  many  drawbacks.  The  competition  of 
both  enzyme  and  regenerator  for  substrate  was  indeed  discerning.  The  problem 
of  excess  organophosphate  was  a  problem  as  well.  2-PAM  is  known  to  react 
directly  with  organophosphates  in  solution  to  generate  phosphorylated  2-PAM, 
which  is  itself  a  potent  deactivator  of  AChE.  In  addition  phosphorylated 
2-PAM  was  generated  in  the  reactivation  process.  This  pool  of  excess 
organophosphate  and  phosphorylated  regenerator  caused  considerable  problems 
in  the  soluble  AChE  assay. 

The  immobilized  AChE  assay  system  developed  in  our  laboratory  allows  for 
the  independent  and  sequential  determination  of  initial  enzyme  activity, 
enzyme  inactivation,  enzyme  regeneration  and  determination  of  regenerated 
enzyme  activity.  By  washing  the  immobilized  AChE  between  steps  one  can 
remove  excess  DFP,  oxime,  phosphorylated  oxime,  acety lthiocholine  and  DTNB, 
thus  eliminating  undesirable  side  reactions.  The  DFP-inacti vated  AChE 
spontaneously  regenerates  to  about  10-15%  of  the  initial  enzyme  activity. 

The  amount  of  aging  of  the  DFP-inacti vated  enzyme  was  negligible,  as  was  the 
loss  of  enzyme  activity  due  to  enzyme  degradation  during  the  course  of  a  two 
hour  experiment. 

We  observed  a  great  deal  of  variation  in  the  activity /bead  (i.e.  0.5 
unit/bead)  which  we  believe  to  be  a  function  of  non-uniform  enzyme  loading. 

We  hope  to  overcome  this  problem  by  incubating  the  enzyme  with  the  beads  in  a 
mechanically,  slowly  stirred  solution  and  by  obtaining  a  source  of 
polyethylene  beads  which  are  made  to  uniformly  tighter  spherical  tolerances. 

The  assay  was  effective  for  the  determination  of  the  regenerating 
capabilities  of  quaternary  pyridinium  oximes  (e.g.  2-PAM  and  TMB-A)  as  well 
as  an  uncharged  oxime  (MINA).  The  order  of  regenerating  ability  was  TMB-4  > 
2-PAM  >  MINA,  which  was  consistant  with  earlier  observations.  ,  *  There 
was,  at  all  concentrations  of  regenerators  employed,  an  initial  rapid 
recovery  of  enzyme  activity  which  was  followed  by  a  slower  drift  to  higher 
enzyme  activity.  Figure  15  illustrates  that  the  first  five  minutes  of 
exposure  to  regenerator  produces  a  majority  of  the  regenerated  activity 
observed  at  forty-five  minutes.  This  phenomenon  was  reported  earlier  and  was 
attributed  to  a  rapid  initial  equilibrium  followed  by  a  slow  drift  to  higher 
activity  due  to  the  breakdown  of  phosphorylated  oxime.  '  Since  our  system 
allowed  for  the  removal  of  any  phosphorylated  oxime,  we  do  not  feel  this  is  a 
valid  explanation  for  our  experimental  results.  Alternative  explanations 
could  be  the  heterogenous  nature  of  the  enzyme  itself  or  the  effects  of 
immobilization  (i.e.  multiple  covalent  links)  which  could  result  in  a  variety 
of  different  enzyme  forms  each  exhibiting  its  own  sensitivity  to  deactivation 
and  reactivation.  A  comprehensive  explanation  of  this  phenomenon  will 
require  further  investigation. 


F.  Experimental 


Electron  impact  mass  spectra  were  recorded  on  either  a  Varian-MAT  CH-5  or 
Riber  R-10-10  mass  spectrometer  with  RDS  data  system  for  computer  analysis 
and  spectra  printout.  NMR  were  obtained  with  either  a  Varian  T-60 ,  Hitachi 
Perkin-Elraer  R-24B  or  Varian  FT-80a  and  were  run  in  1%  TMS/CDCI3  unless 
otherwise  noted.  The  IR  were  obtained  on  either  a  Beckman  IR-33  or  AccuLab-4 

spectrometer  and  samples  were  run  as  either  neat  films  or  KBr  pellets 

(1:100).  UV-Vis  spectra  were  recorded  on  either  a  Cary  219  or  Beckman  DU-3 

spectrophotometer.  HPLC  determinations  were  performed  on  a  Beckman  342 
system  (112  pumps,  420  controller  and  340  organizer),  a  Kratos  769Z  variable 
UV  detector  and  either  a  5  mm  x  15  cm  Ultrasphere  5  urn  ODS  RP  column  with  a  3 
cm  guard  column  or  a  5  ram  x  10  cm  BrownLee  Lichrosorb  10  urn  NP  column  with  a 
3  cm  guard  column  for  separations.  Melting  points  were  obtained  as  either 
capillary  melting  points  (uncorrected)  on  a  Thomas-Hoover  apparatus  or  as 
micromelting  points  (corrected)  on  a  Fisher-Johns  melting  point  stage.  The 
AChE  assay  was  equipped  with  a  Gilson  Micropuls  2  variable  speed  peristaltic 
pump  and  a  Gilson  HM  Holochrome  variable  UV-Vis  flow  detector. 

The  chemicals  and  solvents  were  generally  reagent  or  HPLC 
(Chromatography)  grade  unless  purity  was  not  crucial.  Thin  layer 
chromatography  was  carried  out  on  Analtech  SG  GHLF  250  pm,  Analtech  Woelm  SGF 
1000  pm  or  EM  SG-60  F254  200  inn  plates.  Liquid  chromatography  sorbents  were 
either  Brinkman  EM  SG-60  70-230  mesh  or  Woelm  silica  63-200  mesh.  The 
starting  materials:  2-picoline,  2-pyridinecarbaldoxime  and  3-cyanopyr idi ne 
were  obtained  from  Aldrich  (minimum  97%  purity)  and  were  used  without  further 
purification.  Acetylcholinesterase  (electric  eel  organ)  was  obtained 
commerically  purified  from  either  Worthington  (1000-1400  units/rag)  or 
Boehringer  Mannheim  (1000  units/mg).  Acetylthiocholine , 

dithiobis(nitrobenzoic  acid)  (DTNB),  3-[ N-morpholino ] propanesulf onic  acid 
(MOPS)  and  diisopropylf luorophosphate  (DFP)  were  obtained  from  Sigma  and  were 
used  without  further  purification.  DFP  degrades  slowly,  even  when  stored  at 
4°C,  and  was  replenished  with  a  fresh  supply  at  regular  intervals  to  insure 
consistancy.  The  low  density  polyethylene  beads  (4mm,  irregular)  were 
supplied  by  Aldrich.  TMB-4  was  purchased  from  Sigma  and  used  as  received. 
MINA  was  purchased  from  Pfaltz  and  Bauer,  but  required  purification  to 
homogeneity  by  LC  (SG  Woelm,  8%  acetone/methylene  chloride  v/v). 

3-Iodo-2-picollne  (26)  and  5-Iodo-2-picol ine  (23) 

A  modification  of  the  method  of  Riley  and  Perham  was  employed.32  A  2(>5  g 
(1.04  mol)  protion  of  freshly  ground  iodine  was  dissolved  in  485  ml  of  30% 
oleum  over  one  hour.  The  dropwise  addition  of  lOOg  (1.07  mol)  of  2-picoline 
to  the  reaction  mixture  via  addition  funnel  proceeded  over  one  hour.  The 
reaction  was  brought  to  150°C  for  1.5  hours  during  which  time  a  vigorous 
evolution  of  gas  occurred.  The  reaction  was  cooled  to  120°C  and  maintained 
for  12  hours.  The  mixture  was  reheated  to  150°C  for  3  additional  hours  then 
cooled  to  room  temperature.  The  reaction  was  poured  over  1800  ml  of  ice  and 
neutralized  with  sodium  carbonate.  The  neutral  aqueous  mixture  was  extracted 
with  2  x  500  ml  of  ethyl  acetate.  The  organic  extracts  were  washed  twice 
with  brine,  dried  over  sodium  sulfate,  filtered  and  flashed  to  a  black  oil. 


A  vacuum  distillation,  b.p.  82-100°C  at  5mm  (rpt  bp  108-109,  18  mm,  _26,  ref. 
32),  gave  62.3  g  (27%)  of  25_  and  26_  as  a  yellowish  liquid.  The  roughly 
equimolar  mixture  of  25_  and  _26  could  be  parcially  resolved  by  LC  (SG  70-230 
mesh,  10%  ethyl  acetate/methylene  chloride  v/v,  load  ratio  1:100)  and  tic 
(SG,  ethyl  ether)  Rf  0.57  (26)  and  0.67  (25). 

26^  yellow  oil;  NMR:  6  2.70  (s,  3H,  CH3),  6.75  (dd,  1H,  Ar5H),  7.88  (dd,  1 H , 
Ar4H),  8.38  (dd,  1H,  Ar6]p ,  J4,3=8H3,  J4,6=2H3,  J5,b=5H3  (TMS/CC14);  MS:  m/e 
219  (M+),  92  (M+-I),  66  (M+-CN.I),  51  (M+-CH3,  CN,I). 

^5  yellow-green  crystals,  rap  (corr)  46-48°C;  NMR:  62.44  (s,  3H,  CjK  3  > ,  6.88 
(d,  1H,  Ar3H),  7.78  (dd,  1H,  Ar4H),  8.62  (d,  1H,  Ar6Jl),  J3,4=9Hz,  J4,(j=2Hz 
(TMS/CC14 ) ;  MS:  m/e  219  (M+) ,  92  (M+-I),  65  (M+-I1CN.I),  50  (M+-CH 3,  HCN , I ) . 

3-Cyano-2-plcoline  (28 )  and  5-Cyano-2-picollne  (27 ) 

3  3 

Using  a  modification  of  the  procedure  of  Craig,  a  solution  containing 
0.82  g  (9.2  mmol)  of  cuprous  cyanide  and  2.0g  (9.1  mmol)  of  the  purified 
mixture  _25  and  28_  in  40  ml  of  dimethylsulf oxide  was  brought  to  a  reflux  for 
one  hour.  The  solution  was  cooled  to  room  temperature,  diluted  with  20  ml  of 
water  and  exhaustively  extracted  with  ethyl  ether.  The  combined  ether 
extracts  were  washed  with  an  equal  volume  of  brine,  dried  over  sodium 
sulfate,  filtered  and  flashed  to  0.80g  (75%)  of  yellow  amorphous  solid. 
Preparative  tic  (SG,  1000  a,  ethyl  ether)  afforded  separation  of  the  isomers, 
Rf  0.48  (28)  and  0.56  (27). 

28  mp  (corr)  48-53°C  (rpt  mp  58°C,  28,  ref.  31);  IR:  (film)  2200  cm“ 1  (CN); 
NMR:  5  2.80  (s,  3ll,  CH3),  7.27  (dd ,  1H,  Ar5jp  ,  7.80  (dd,  1H,  Ar4]p  ,  8.61 

(dd,  111,  Ar6U)  J4,c,=8Hz,  J4,b=2liz,  Jb,b=5Hz. 

27  mp  (corr)  79-82°C  (rpt  mp  84-85°C,  2]_,  ref.  45).  IR:  (KBr)  2200  cm'1 
(CN);  NMR:  6  2.66  (s,  3H,  CU3),  7.28  (d,  1H,  Ar3H),  7.85  (dd,  111,  Ar4i[) , 

8.78  (d,  1H,  Ar6jl),  J3,4=8Hz,  J4,b*2Hz;  MS:  m/e  118  (M+)  ,  103  (M+-CH3),  91 
(M+-HCN),  76  (M+-HCN,  CH3). 


5-Cyano-2-plcoline  (27) 

4  ^ 

The  low  temperature  addition  technique  of  Parks  et  al.  was  used.  A  2.0 
g  (19  mmol)  portion  of  3-eyanopicoline  (£5^)  was  dissolved  in  20  ml  THF  and 
cooled  to  -40°C  (solubility  limit).  Under  a  nitrogen  atmosphere  13.7  ml  (21 
mmol,  1.55M  in  ether)  of  methyl lithium  was  added  dropwise  at  a  rate  which 
maintained  the  reaction  temperature  between  -30  and  -40°C.  The  deep 
red-orange  mixture  developed  a  heavy  precipitate  which  redissolved  on  slow 
warming  to  room  temperature.  After  a  total  reaction  time  of  two  hours,  the 
reaction  was  quenched  with  20  ml  of  water  and  vigorous  stirring.  The  mixture 
was  acidified  to  pH  2-3  with  aqueous  hydrochloric  acid  and  extracted  with  2  x 
10  ml  of  ether.  The  ether  extracts  were  washed  with  brine,  dried  over  sodium 
sulfate,  filtered  and  flashed  to  0.60  g  (26%)  of  crude  27_  as  a  light 
yellow-orange  oil.  Sublimation  (40°C,  0.05  mm)  afforded  colorless  crystals 
of  27.  if  the  acidic  aqueous  layer  was  adjusted  to  pH  7-8  and  extracted,  1.0 
g  (36%)  of  3-acety lpyridine  was  isolated.  Physical  and  spectral  data 
reported  in  synthesis  of  27  and  28  (experimental). 


Employing  a  modification  of  the  method  of  Markovae  et  al.!  11.9  g  <  54 
mmol)  of  purified  25_  and  26_  was  mixed  with  13.3  g  (52  mmol)  of  iodine.  A 
solid  picoline-iodine  complex  formed  which  was  gently  melted,  stirred  to 
homogeneity  and  allowed  to  resolidify.  The  cake  was  broken  up  and  dissolved 
in  25  ml  of  dimethylsulf oxide .  The  solution  was  added  dropwise  via  an 
addition  funnel  to  30  ml  of  dimethylsulfoxide  which  was  preheated  to  15U°C. 
The  reaction  mixture  was  maintained  at  150-160°C  for  40  minutes  during  whic.i 
time  evolving  dimethylsulf ide  was  trapped  in  a  20%  perchloric  acid  bubbler. 
The  reaction  was  cooled  to  room  temperature,  neutralized  with  a  saturated 
sodium  bicarbonate  solution  and  extracted  exhaustively  with  ethyl  ether.  Tne 
combined  ether  extracts  were  washed  with  brine,  dried  over  sodium  sulfate, 
filtered  and  flashed  to  13  g  of  a  viscous  black  tar.  The  entire  crude  was 
loaded  onto  a  silica  gel  column  (70-230  mesh,  load  ratio  1:80).  Undesired 
materials  were  eluted  off  with  methylene  chloride  (approx.  2L).  The  desired 
aldehydes  37  and  38  were  eluted  off  by  a  0-25%  ethyl  acetate/methylene 
chloride  v"7v  gradient.  The  ethyl  acetate  concentration  was  increased  5%  in 
500  ml  increments.  The  overall  yield  was  8.7  g  (69%)  of  which  3.2  g  (25%) 
was  pure  5-iodo  isomer  _37,  3.5  g  (28%)  pure  3-iodoaldehyde  38  and  the 
remainder  a  mixture  of  isomers;  tic  (SG,  10%  ethyl  acetate/methylene  chloride 
v/v)  Rf  0.48  (38)  and  0.65  ( 3_7 ) .  Yields  ranged  from  30-69%. 

38  -  needles,  pleasant  minty  order,  mp  (uncorr)  66-68°C;  IK:  (KBr)  2860 
cm-1  (CHO),  1700  (CO);  NMR:  6  7.15  (dd,  1H,  Ar5H),  8.32  (dd,  111,  Ar4H),  8.7  3 
(dd,  1H,  Ar6fl),  9.83  (s,  1U,  CHO),  J4,c=8  Hz,  J ,, ,  b=2  llz,  J.,,^5  Hz  (1% 
TMS/CCI4);  MS:  m/e  233  (M+),  205  (M+-C0),  78  (M+-CO,  I). 

37_  ~  up  (corr)  109-111°C;  IK:  (KBr)  2840  cm-1  (CHO),  1695  (Co);  NMR: 

<5  7.67  (d,  1H,  Ar3]0,  8.18  (dd,  1H,  Ar4ip,  8.98  (d,  1H,  Ar6_H) ,  9.96  (s,  Hi, 
CHO),  J  3 , 4=8Hz ,  J,,,b=2Hz  (1%  TMS/CCI4);  MS:  m/e  233  (M+)  ,  205  (M+-C0),  204 
(M+-CH0),  149  (M+-C0,I,  HCN ) . 


5-Cyano-2-picolinealdehyde  (29) 


The  preparation  of  this  compound  followed  the  procedure  as  described  for 
the  3-  and  5-iodopicolinealdehydes  _37_  and  _38.  Starting  with  0.80  g  (6.8 
mmol)  crude  5-cyanopico  1  i ne  (27),  0.31  g  (36%)  of  29_  was  isolated  as  pale 
yellow  needles.  Yields  ranged  from  10-36%.  The  aldehyde  could  be  purified 
by  sublimation  (55°C  at  15  mm).  IK:  (KBr)  2860  cm-1  (CHO),  2225  (CN),  171' 
(CO);  NMR:  6  8.04  (m,  2H,  Ar  3,4H),  9.01  (d,  1H,  Ar6jl)  ,  10.07  (s,  1H,  CHO)  , 
J 4,  fj=2Hz;  MS;  m/e  132  (M+),  104  (M+-C0),  103  (M+-CH0),  77  (M+-CO,  HCN). 


3-Cyano-2-picolinealdehyde 


(30) 


A  modification  of  the  method  of  Craig  was  used.  ’  A  slurry  of  0.250  g 
(1.0  mmol)  of  3-iodopicol inealdehyde  (38)  and  0.192  g  (2.2  mmol)  of  cuprous 
cyanide  in  10  ml  of  dry  dimethylsulfoxide  was  heated  to  170°C  for  five  hours 
with  vigorous  stirring.  The  reaction  was  cooled  to  room  temperature  and 
stirred  overnite.  The  mixture  was  extracted  exhaustively  with  ethyl  ether 
and  the  ether  extracts  washed  with  aqueous  hydrochloric  acid  (pH  3-4), 
saturated  brine,  dried  over  sodium  sulfate,  filtered  and  flashed  to  a 
residue.  The  product  was  purified  via  tic  (SG  Gh  ,  1000  microns,  5%  ethyl 


acetate/methylene  chloride  v/v  )  to  give  0.020  g  (14%)  pale  yellow  oil  10. 
HPLC  (NP,  10  cm  +  3  cm  guard  column,  50 %  ethyl  acetate/hexane,  1  ml/min,  2/0 
nm)  showed  _30  had  a  retention  time  of  3.3  min  (minor  impurities  at  2.3  and 
4.1  min)  versus  3.1  min  for  3£.  3£  -  IR:  (neat)  2850  cm“  1  (CHO),  2200  (CN), 
1725  (CO). 

2-(5-Cyano-2-pyrldlnyl)~l ,3-dithlane  (47 ) 

Method  A 

Using  a  modification  of  the  method  of  Corey  and  Seebach,4/  0.64  g  (5.3 
mmol)  of  1,3  dithane  was  dissolved  in  10  ml  of  dry  THF.  The  solution  was 
cooled  to  -do'cand,  under  nitrogen,  2.2  ml  (5.8  mmol,  2.6  M  in  hexane)  of 
butLi  was  added  dropwise.  The  reaction  was  maintained  at  _.i ■  ° r  for  90 
minutes  then  transferred,  dropwise  under  nitrogen  pressure  via  a  cannula  to  a 
solution  of  0.50  g  (4.8  mmol)  of  3-cyanopyridine  in  30  ml  of  dry  THF.  The 
addition  of  the  dithiane  anion  to  3-cyanopyridine  proceeded  over  thirty 
minutes.  The  addition  reaction  mixture  was  maintained  at  -3u°C  for 
approximately  two  hours  and  warmed  slowly  to  room  temperature  over  an 
additional  two  hours.  The  reaction  was  quenched  with  20  ml  of  water  and 
vigorous  stirring  while  maintaining  the  temperature  below  35°C.  The  organic 
layer  was  separated  and  the  aqueous  layer  extracted  with  2  x  15  ml  portions 
of  ethyl  acetate.  The  combined  organic  layers  were  washed  with  brine,  dried 
over  sodium  sulfate,  filtered  and  flashed  to  1.14  g  of  crude  product  as  a 
viscous  tan  oil.  Purification  by  column  chromatography  (Woelm  SC  60,  63-200 
mesh,  load  ratio  1:500,  methylene  chloride)  afforded  0.16g  (18%)  of  4_7_.  TLC 
(E.  Merck,  methylene  chloride)  Rf  0.27. 

47  -  light  tan  needles,  mp  1 17—121 °C;  IR:  (KBr)  2210  cm" 1  ( CN ) ;  NMR: 

2.15  (m,  2H ,  SCH^CH  2 ) ,  3.05  (m,  4ll,  SCH^),  5.35  (s,  1H,  SCHS),  7.63  (d,  IH , 
Ar3H),  8.00  (dd,  1H,  Ar4H),  8.35  (d,  1H,  Ar6H);  J3,,=8Hz,  J4,f=2Hz;  MS:  m/e 
222  (M+),  189  (M+-SH),  104  (M+-1 , 3-dithiane) . 

2-(3-Cyano-2-pyridinyl)-l , 3-d 1  thane  (48)  and 
2-( 5-Cyano-2-pyridinyl )-l , 3-dithiane  (47) . 

Method  H 


A  1 .0  g  (8.3  mmol)  portion  of  1, 3-dithiane  was  dissolved  in  20  ml  dry  THF 
and  chilled  to  -70°C  under  nitrogen.  Via  syringe  5.3  ml  (8.3  mmol,  1.6  M  in 
hexane)  butLi  was  added  over  three  minutes.  The  golden  solution  was 
maintained  at  -70°C  for  90  minutes  with  stirring  and  then  a  solution  of  0.866 
g  (8.3  mmol)  of  3-cyanopyridine  (45)  in  10  ml  dry  THF  was  added  dropwise  jver 
10  minutes.  The  light  reddish  solution  was  maintained  at  -1  <  ,  under 
nitrogen,  with  vigorous  stirring  for  approximately  two  hours,  then  warmed 
slowly  to  room  temperature.  The  reaction  was  quenched  with  20  ml  of  water 
maintaining  the  temperature  below  35°C.  The  mixture  was  acidified  to  pH  2-3 
with  aqueous  hydrochloric  acid.  The  organic  layer  was  separated  and  the 
aqueous  phase  extracted  with  2  x  50  ml  portions  of  methylene  chloride.  The 
combined  organic  extracts  were  washed  with  2  x  50  ml  brine,  dried  over  sodium 
sulfate,  filtered  and  evaporated  to  1.75  of  crude  material.  The  material  was 
purified  by  LC  (Woelm  SC,  63-200  mesh,  5%  ethyl  acetate/methylene  chloride 
v/v,  load  ratio  1:135).  Work  up  of  the  column  fractions  afforded  0.111  g 
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(6%)  _47_  and  0.083  g  (4.5%)  _48.  (Note  -  if  _4_5  was  added  to  the  dithiane  anion 
at  -10°C,  up  to  55%  yields  of  almost  exclusively  the  2,3-isomer  47  could  !>• 
obtained.)  HPLC  (NP,  10  cm  +  3  cm  guard  column,  40%  ethyl  acetate/hexaue ,  1 
ml/min,  265  nm)  showed  retention  times  2.64  min  (4_7)  and  3.24  min  (48)  versus 
6.2  min  (45) . 

47  -  see  method  A  experimental  for  physical  and  spectral  properties. 

48  -  light  tan  needles,  mp  96-102;  IR:  (melt)  2220  cm-1  (CN);  NM R:  2.13 

(m,  2H,  SCH2CH2),  3.04  (m,  4H,  SCH2),  5.47  (s,  1H,  SCHS),  7.72  (d,  1H,  Ar5tO, 
8.81  (d,  1H,  Ar4H),  8.86  (s,  1H,  Ar6H) ,  J„,5=5Hz;  MS:  m/e  222  (M+) . 

5-Cyano-2-picolinealdehyde  29 

3  S 

The  basic  method  of  Seebach  was  used.  A  0.102  g  (0.45  mmol)  portion  of 
47  and  0.097  g  (0.45  mmol)  of  mercuric  oxide  were  stirred  under  nitrogen  In  2 
ml  of  10%  water/methanol  v/v.  To  this  was  added  a  solution  of  0.244  g  (0. 9 
mmol)  mercuric  chloride  in  1  ml  10%  water /methanol  v/v  dropwise.  After 
approximately  five  minutes  the  reaction  was  brought  to  a  gentle  reflux  and 
maintained  for  approximately  four  hours.  The  reaction  was  cooled  to  room 
temperature,  the  insoluble  material  filtered  off  and  rinsed  with  methylene 
chloride.  The  filtrate  was  reduced  to  a  smaller  volume,  washed  with  brine, 
filtered  through  a  cotton  plug  and  evaporated  to  a  0.060  g  (quant)  of  a 
colorless  solid.  Sublimation  (40-60°C  ,  0.05-0.1  mm)  afforded  colorless 
crystals  identical  to  those  synthesized  via  oxidation  of  5-eyanopicoline  (27) 
(see  earlier  experimental). 

3-Iodo-2-pyridinealdoxime  (40) 


A  saturated  aqueous  solution  of  10.015  g  (0.21  mmol)  hydroxylamine 
hydrochloride  was  neutralized  with  sodium  carbonate  and  added  to  a  methanol ic 
solution  of  0.021  g  (0.09  mmol)  of  aldehyde  /38^  Within  a  short  time  a  fine 
precipitate  was  evident.  The  solution  was  warmed  gently  fo  boiling  and 
allowed  to  cool  with  stirring  overnight.  The  white  needles  were  suction 
filtered,  the  supernate  concentrated  and  a  second  crop  of  product  collected. 
The  combined  crops  afforded  0.019  g  (82%)  of  oxime  ^0_.  Yields  ranged  from 
42-82%. 

40_ -  mp  235-237  (corr);  IR:  (KBr)  3400  cm-1  (brd,  OH),  1610  (CH=N);  NMK:  0 
7.15  (dd,  IH,  Ar5jd),  8.34  (dd,  IH,  Ar4jO ,  8.61  (m,  2H ,  Ar6||  and  CHN0H), 
J4,b=8Hz,  J4,b=2Hz,  Jb,b=5Hz  (TMS/CDC1  3/CD  3SOCD  3) ;  MS:  m/e  248  (MT),  205 
(M+-CHNO),  204  (M+-CIIN0II),  104  (M+-I,  OH),  91  (M+-NO,  I). 

5-lodo-2-pyridinealdoxlme  (39) 

Preparation  of  _39  was  as  described  for  _40.  A  0.73  g  (3.1  mmol)  portion 
of  37_  was  reacted  with  0.65  g  (9.3  mmol)  of  hydroxylamine  hydrochloride  lo 
give  0.69  g  (89%)  of  J39. 

39  -  colorless  needles  mp  (corr)  211— 214°C;  IR:  (KBr)  3400  cm-1  (brd,  OH), 
1560  (CH=N ) ;  NMR :  5  7.64  (d,  IH,  Ar3H) ,  8.00  (dd ,  111,  Ar4H)  ,  8.12  (s,  111, 

CHNOH ) ,  8.79  (d,  IH,  Ar6]p,  Jt,,,=9Hz,  J4,b=2Hz  (TMS/CDCl  3/CU  jSOCD  j) ;  MS:  m/e 
248  (M+),  204  (M+-CHN0H),  121  (M+-I),  104  (M+-I,0H),  94  (M+-I.HCN),  91 
(M+-I ,N0). 


V ,  <Pll  »*,  •*«  « 


5-Cyano-2-pyridine  carbaldoxime  (31) 


Preparation  of  J)l^  was  as  described  for  _40.  A  0.157  g  (1.19  mmol)  portion 
of  crude  29_  was  reacted  with  0.082  g  (1.19  mmol)  of  hydroxy lamine 
hydrochloride  to  give  0.097  g  (55%)  of  _31_  -  colorless  needles,  mp  (uncorr) 
190-200°C;  IR  (KBr)  2220  cm-T  (CN),  1600  (CH=N);  NMR:  6  8.10  (m,  3H,  Ar  3, 
and  CHNOH),  8.93  (d,  1H,  Ar6H)  11.81  (s,  1H,  CHNOH) ,  (TMS/CDC1  3/CD  3S0CU  3 ) ; 
MS:  m/e  147  (M+),  129  (M+-H20),  117  (M+-N0),  104  (M+-CHN0),  90  (M+-N0.HCN), 

76  (M+-11CN,  CHNOH). 

3-lodo-2-pyridine  carbaldoxime  Methiodide  (42) 

A  modification  of  the  procedure  of  Poziomek,  Hackley  and  Steinberg  was 
used.  A  0.029  g  (0.12  mmol)  portion  of  oxime  40^  was  dissolved  in  2  ml 
absolute  ethanol  along  with  150  pi  (2.4  mmol)  of  methyl  iodide.  The  reaction 
was  carried  out  in  an  ampule  which  was  purged  with  nitrogen  prior  to 
sealing.  The  ample  was  heated  to  95°C  in  a  sand  bath  for  16  hours.  Upon 
cooling  a  bright  yellow  solid  crystallized  out  of  the  reaction  mixture. 
Suction  filtration  resulted  in  the  isolation  of  0.014  g  (33%)  of  the  desired 
pyridinium  salt  42_ 

42  -  yellow  needles,  mp  (corr)  195-205°C  (dec);  IR:  (KBr)  3200  cm-1  (brd 
OH),  1620  (CH=N) ;  NMR:  6  4.31  (s,  3H,  CH3),  7.68  (dd,  1H,  Ar5H),  8.41  (s, 
1H,  CHNOH),  8.83  (d,  1H,  Ar6H_)  ,  8.96  (d ,  1H,  Ar4H) ,  J4,5=8Hz,  J5,fj=6Hz 
(D20). 

5-Iodo-2-pyridine  carbaldoxime  methiodide  (41 ) 

Preparation  of  4_J_  was  as  described  for  42^.  Starting  with  0.05  g  (0.2 
mmol)  of  _39  and  0.35  ml  (5.6  mmol)  of  methyl  iodide  the  reaction  was  run  for 
2  days  at  95°C.  A  bright  yellow  crystalline  solid  4J_,  0.006  g  (8%)  was 
isolated . 

41  ~  mp  (corr)  237°C  (dec);  IR:  (KBr)  3150  cm-1  (brd  OH),  1620  (C=N). 

5-Cyano-2-pyridine  carbaldoxime  methiodide  (33 ) 

Preparation  of  was  38  described  for  42_.  Starting  with  0.075  g  (0.51 
mmol)  of  _31_  and  1.1  ml  (17.7  mmol)  of  methyl  iodide  the  reaction  was  run  at 
100°C  for  7  hours.  A  second  l.l  ml  portion  of  methyl  iodide  was  added  and 
the  reaction  continued  for  an  additional  6  hours.  The  crude  product  _33  was 
loaded  onto  a  Dowex-50W  ion  exchange  resin  and  eluted  off  with  IN  hydro¬ 
chloric  acid  (35%  water/methanol  v/v)  to  afford  0.010  g  (7%)  _33*  IK:  (KBr) 
3100  cm-1  (v.brd,  OH),  2200  (v.weak,  CN),  1640  (CH=N);  NMR  6  4.34  (s,  311, 

CH3)  8.19  (s,  111),  8.38  (d,  111),  8.89  Id,  1H),  9.35  (d,  111),  (D,.0). 

2-Pyrldine  carbaldoxime  Methiodide  ( 7_) 

The  method  of  Poziomek,  Hackley  and  Steinberg  was  used.  A  20  g  (O.lO 
mol)  portion  of  2-py ridinea Idoxime  (55)  and  31  ml  (0.33  mol)  methyl  iodide 

were  brought  to  a  gentle  reflux  in  150  ml  95%  ethanol  for  24  hours.  Upon 

cooling  brilliant  faint  yellow  crystals  precipitated  out  of  solution.  The 
crystals  were  isolated  by  suction  filtration,  washed  with  portions  of 
absolute  ethanol  and  vacuum  dried  to  afford  crude  product.  Two  recrystal¬ 
lizations  from  ethanol  gave  33.3  g  (77%)  of  the  desired  2  —  P Aid  {]_)  ,  mp  (corr) 
222°C  (dec)  (rpt  220°C,  ref.  4). 


The  procedure  of  Bodor,  Shek  and  Higuchi20  was  employed  starting  with  2.5 
g  (9.5  mmol)  of  2-PAM  (_7 ) ,  0.53  g  (38%)  of  3^  (X=CN)  was  isolated  as  a  light 
tan  solid.  The  material  darkened  considerably  with  time  when  stored  at  room 
temperature  in  air.  Even  when  stored  under  nitrogen  the  compound  was  not 
especially  stable.  _3(X=CN),  mp  101-104°C  (rpt  112-114,  ref.  26);  IK:  (KBr) 
3200  cm-1(brd  OH),  2300  (CN),  1650  (C=N);  NMR:  6  2.38  (s,  3h,  CH3),  3.15  (m, 
411,  CH2CH),  5.75  (m,  2H,  CH?CHCHCH2),  7.35  (s,  1H,  CHNOH ) ,  (TMS/CD  ^COCL)  , ) . 

N-Methyl-1 , 2, 3, 6~tetrahydropyridine-2-car bald oxime -2-thiocyanate  (3  X=SCi/ 

A  modification  of  the  method  of  Bodor,  Shek  and  Higuchi  was  used.'  Into 

10  ml  of  water  was  dissolved  1.5  g  (15.4  mmol)  of  potassium  thiocyanate  and 

1.0  g  (3.8  mmol)  of  2-PAM  ( 1) .  The  solution  was  degassed  with  nitrogen, 
chilled  to  0°C  and  the  pH  adjusted  to  1-2  with  concentrated  hydrochloric 

acid.  The  aqueous  solution  was  layered  with  50  ml  of  ethyl  ether  and  0.2  g 

(5.3  mmol)  of  sodium  borohydride  was  added  in  one  protion.  The  temperature 
was  maintained  at  0°C  until  the  ebullition  ceased  and  then  the  reaction  was 
allowed  to  warm  to  room  temperature  slowly.  The  nitrogen  atmosphere  was 
maintained  and  the  pH  monitored  throughout  the  reaction.  The  pll  leveled  off 
at  7-8  and  remained  at  that  figure  through  most  of  the  reaction.  After  four 
hours  the  aqueous  layer  was  saturated  with  sodium  chloride,  the  ether  layer 
removed  and  the  aqueous  layer  extracted  with  a  second  50  ml  portion  of 
ether.  The  combined  ether  extracts  were  washed  with  brine,  dried  over  sodium 
sulfate,  filtered  and  evaporated  to  0.240  g  (32%)  of  a  light  pink  solid  _3 
(X=SCN).  The  product  darkened  considerably  with  time  even  when  stored  under 
a  nitrogen  atmosphere.  3_  (X=SCN)  -  mp  (corr)  94-9b°C;  IR  (KBr)  2110  cm"' 
(SCN),  1665  (HC=N) ;  NMR:  6  2.35  (s,  3H,  CH3),  3.20  (m,  4H,  CH  2CHCHUH ) ,  5.70 
(m,  2H,  CH2CHCH),  7.45  (d,  1H,  CHNOH),  (TMS/C0 3C0CU  }) . 

Immobilization  of  Acetylcholinesterase 

The  immobilization  process  was  a  modification  of  the  technique  according 
to  Ngo  et  al.  see  figure  12).  The  modifications  in  the  procedure  for 
functionalization  of  the  polyethylene  bead  surface  were  as  follows:  the 
reactions  with  thiony lchlor ide ,  ethy lenediamine  and  rinses  were  carried  out 
under  an  anhydrous  nitrogen  atmosphere.  Treatment  with  glutaraldehyde  was 
extended  for  three  hours  with  one  solution  change.  MOPS  buffer  (100  mM,  pH 
7.8)  was  used  instead  of  phosphate  buffer.  The  enzyme  was  fastened  to  the 
bend  surface  in  a  two  hour  room  temperature  incubation.  The  beads  containing, 
immobilized  enzyme  were  stored  at  -16°C  in  MOPS  buffer  (above)  prepared  in 
40%  glycerin.  The  enzyme  was  damaged  by  repeated  freeze  thaw  cycles  and  was, 
therefore,  stored  in  small  batches.  The  activity  was  stable  for  at  least  two 
months.  The  activity  per  bend  was  approximately  0.5  units/bead,  however, 
there  were  wide  variations  from  bead  to  bead.  Under  typical  assay  conditions 
(MOPS  buffer,  37°C)  the  enzyme  activity  declined  1-2%/hr. 


The  enzyme  activity  was  measured  as  outlined  in  the  Ellman  technique  (see 
Figure  5).  The  substrate  (acety  lthiocholine)  was  dissolved  in  9<)  %  ethanol 
and  chromogen  (DTNB)  in  95%  ethanol  prior  to  dilution  in  30  ml  MOHS  buffer  to 
give  concentrations  of  I0~  M  and  5  x  10“ 4  M  respectively.  Substrate 
concentration  was  at  saturation  level  as  determined  from  kinetics  data. 

The  closed  loop  flow  through  system  (Figure  13)  allowed  changing  of 
flasks  through  the  use  of  small  switching  valves.  The  flow  rate  was 
routinely  set  at  5.8  ml/mln.  The  columns  containing  immobilized  enzyme 
normally  consisted  of  6-8  polyethylene  beads  (3-4  units)  with  glass  bead 
spacers.  Continuous  monitoring  of  column  effluent  was  performed  with  a  flow 
cell  in  the  detector  set  at  412  nm.  The  recorder  plotted  absorbance  units 
versus  time  and  was  converted  rate  of  product  formation  using  the 
conversion  outlined  by  Ellman.  Data  points  in  Figures  15-17  represent  a 
minimum  of  three  replications. 

The  baseline  enzyme  activity  was  established,  then  an  excess  of  DEE  (6  x 
10“  M)  was  introduced.  Total  inactivation  was  confirmed  by  a  stable  flat 
baseline  (approx.  5  min).  The  excess  DFP  was  washed  away  with  buffer. 
Reactivators  were  routinely  pumped  through  the  enzyme  containing  column  in  a 
single  pass  fashion  for  the  first  five  minutes  to  ensure  removal  of 
phosphory lated  oxime.  During  the  remaining  time  the  solution  could  be 
recycled.  The  extent  of  enzyme  regeneration  at  45  minutes  was  the  same 
regardless  of  whether  the  regenerator  was  recycled  after  the  first  five 
minutes  or  pumped  through  in  a  continuous  single  pass  fashion.  At  5,  10,  20, 
30  and  45  minutes  the  immobilized  enzyme  was  washed  free  of  regenerator,  then 
substrate  and  chromogen  (Flask  2,  Figure  13)  were  cycled  through  the  system 
to  determine  the  amount  of  regenerated  enzyme  activity.  Following  the 
measurement  of  regenerated  AChE  activity,  exposure  to  regenerator  was 
resumed. 


The  concentration  of  reactivator  was  monitored  before  and  after 
regeneration  via  HPLC  to  insure  no  loss  of  reactivator  due  to  absorption  or 
specific  binding  to  beads  etc.  Using  an  isocratic  system  of  80% 
acetonitrile/0.01  M  heptane  sulfonic  acid  adjusted  to  pH  3.5  with  acetic  acid 
and  monitoring  at  265  nm,  the  reproducible  limits  of  detection  were 
approximately  100  pg.  Similar  results  have  been  reported  in  the 
literature.  4  ,  530 


G.  Recommendations 


1 .  Chemistry 

Our  priorities  are  as  follows: 

a)  Large  scale  synthesis  (2-4  g)  of  3/5-cyano-  and  3/ 5-iodo-2-PAMs  13 , 
34 ,  4 1  and  42_  (Figure  7).  Collect  elemental  analysis  for  all  new  compounds 
and  mass  spectral  data  for  all  non-pyrolyzable  new  compounds.  In  vitro 
screening  for  AChE  regenerating  activity  should  provide  sufficient 
information  to  choose  one  or  all  of  these  compounds  tor  survival  studies  in 
animals  treated  with  lethal  doses  of  UK  f* .  It  parent  quaternary  compounds  ar 
sufficiently  active  the  dihydro-  or  Prodrug  form  will  be  synthesized  and 
screened  in  vivo. 

b)  Convert  the  3-  and  5-cyanopicol  i  nea  ldehyde  intermediates  29  and  *■ 
their  3/ 5-ca r boxamides  and  subsequent  syntheses  of  carboxamide  substituted 
2-PAMs  and  _57_.  These  3  /  5-car  boxami  des  5b  and  57  will  be  screened  as  ubov 
and  the  di hydro-Prodrug  forms  made  as  required. 


c)  Continue  investigations  in  the  double  latentation  approach  (Figure 
R) ) .  Several  analogs  of  3^  (Figure  9)  where  -X  Is  "ideal"  (i.o.  X  is 
relatively  non-toxic,  labile  enough  to  eliminate  at  physiologic  plls  and 
nucleophilic  enough  to  form  the  desired  tet  rahydro-addi  t  ion  product)  will 
synthesized.  We  will  examine  closely  the  conversion  rates  to  2-PAM  in  vitro 
in  a  pH  window  of  b-8  monitoring  not  only  the  appearance  of  2-i’AM,  hut  any 
nonquaternary  decomposition  products.  The  most  favorable  candidates  will 
then  be  tested  In  whole  animal  survival  studies. 


d)  The  pKa's  for  both  prodrug  and  parent  quaternary  forms  will  be 
determined  as  well  as  their  octanol /buffer  partition  cool t i c i ent s . 

2 .  Biology 

a)  We  plan  to  further  investigate  the  observed  phenomenon  of  tin- 
dependence  of  extent  of  reactivation  of  immobilized  ACHE  on  the  concent  rat  i  <> 
of  reactivator  and  subsequently  determine  a  plausible  mechanism  for  this 
phenomenon . 

b)  Initiate  animal  survival  studies  of  the  most  active  (from  in 

vitro  testing,)  3/ 5-subs  1 1 1  uted-2P  AMs ,  their  prodrug  forms  (Series  I)  and  the 
t e t rahydropy r i d i n i um  oximes  (series  II). 


c)  Initiate  tissue  distribution  studies  for  the  most  active  parent 
quaternary  pyridinium  oximes  and  their  prodrug  forms. 

d)  Initiate  CNS  AChK  activity  determinations  in  mice  -  for 
organophosphate  poisoned  animals  and  those  "saved"  by  both  parent  quaternary 
oximes  and  prodrug  forms. 


'•*'  j**  J,’ Jt  WJl'A'  A*  A’  .«>• 
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significant  differences  in  soman  induced  inhibition  and  recov¬ 
ery  of  acetylcholinesterase  in  brain,  peripheral  nerve  and 
MUSCLE  OF  RAT.  Wolf-O.  Pettbarn.  Vanderbilt  Unlv., 

Nashville,  TN  377T7 

Inhibition  of  AChE  activity  was  studied  In  nerve  tissue  and 
muscle  after  subcutaneous  injection  of  0.060  mg/kg  Soman 
(0*1 1 , 2. ?- trimethyl  propyl /met hytphosphonof luorldate).  Follow¬ 
ing  60  min  after  drug  application,  AChE  Inhibition  was  great¬ 
est  in  brain  (B)  with  61  of  enzyme  activity  rmainlng,  while 
enzyme  activity  In  soleus  (S),  extensor  dlgltorum  longus  (EDt) 
and  diaphragm  (0)  was  reduced  to  2SI.  AChE  of  peripheral 
nerve  (W  showed  the  lowest  sensitivity  to  sonan,  enzyme  ac¬ 
tivity  was  only  reduced  to  76X  of  control.  Recovery  was  Fast¬ 
est  in  Pfl,  since  within  24  hours  following  soman  enzyme  activ¬ 
ity  had  returned  to  normal.  All  other  tissues  tested  showed 
slow  recovery  during  the  first  two  days.  Based  on  the  reap¬ 
pearance  of  AChE  and  assuming  first  order  kinetics,  the  fol¬ 
lowing  half-life  values  In  days  were  calculated;  Brain  12.5, 
Soleus  5.7,  EDI  9.0,  Diaphragm  9.0.  Only  low  molecular  weight 
forms  such  as  I0S  and  4S  recovered  during  the  first  two  days 
and  no  activity  of  the  16S  form  was  observed,  in  spite  of 
obvious  neuronsiscular  transmission.  By  day  seven,  the  4S  form 
had  completely  recovered,  while  the  16S  form  had  only  returned 
to  501.  Slow  attachment  of  the  AChE  Into  subcellu.-r  struc¬ 
ture  may  explain  the  apparent  slow  recovery  of  the  16S  forms. 
This  work  was  supported  by  Air  Force  Grant  #82-0310. 


MECHANISM  OF  5-HYDROXYMETHYLFURFURYlTRIMETHYL AMMONIUM  TO 
INHIBIT  THE  RELEASE  OF  ACETYLCHOLINE  FROM  THE  MOUSE  CEREBRUM. 
Neelam  Jalswal*  and  B.  \LRama  Sastry,  Vanderbilt  University 
School' "  of  Medicine,  Nashville,  Yennessee  37232 

5-Hydroxymethylfurfuryl  trimethyl  ammonium  (5-HMFT,  1.9  nM) 
inhibited  the  release  of  acetylcholine  (ACh)  from  mouse  cere¬ 
bral  slices.  This  Inhibition  was  due  to  activation  of  muscar¬ 
inic  receptors  (M2)  which  were  blocked  by  scopolamine  (10  nM) 
but  not  atropine  (1  uM).  It  did  not  activate  the  muscarinic 
receptors  (Ml)  In  the  smooth  muscle.  In  view  of  the  selec¬ 
tivity  of  5-WFT  at  M2  receptors.  Its  mechanism  for  ACh  re¬ 
lease  was  studied.  Mouse  cerebral  slices  were  Incubated  In  a 
Krebs  Ringer  buffer  containing  (methyl  JH)chol1ne  (0.1  nM; 

0.26  uCI/ml)  for  60  min.  They  were  filtered,  washed  and  trans¬ 
ferred  to  a  mfcrobath  set  up  for  svpcrfusion  with  the  above 
buffer  containing  hemichol lnlum-3  (10  wM).  The  release  of 
3H-ACh  Into  the  superfusate  was  measured.  In  a  median  con¬ 
taining  Ca44  (2.6  mM),  5-HMFT  (1.9  nM)  decreased  both  spon¬ 
taneous  and  electrically  evoked  release  of  ACh  by  SOI.  Its 
effect  was  not  significant  In  Ca44  free  medium.  It  decreased 
K4  (20  mM)  Induced  ACh  release  which  was  blocked  by  5-HMFT. 

At  2.6  mM  Ca  ,  dlsteroylphosphatldlc  add  (DSPA,  43  uM)  In¬ 
creased  ACh  release  (401)  which  was  blocked  bv  5-HMFT.  This 
effect  was  not  reversed  by  Increasing  the  Ca4'  level  to 
5.96  itM.  These  studips  Indicate  that  5-HMFT  activates  an  M2 
receptor  and  decreases  Ca44  Influx  which  Is  necessary  for  re¬ 
lease  of  ACh.  (Supported  by  US  PHS-NIH  grants  AG-02077  and 
HD-10607  and  The  Council  for  Tobacco  Research,  US. A.,  Inc.) 
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CHOLINESTERASE  ACTIVITY  IN  THE  INTACT  SUPERIOR  CERVICAL 
GANGLION  OF  THE  RAT  IS  RESISTANT  TO  INHIBITION  BY  SOWN.  C.B. 
VI  ana*,  S.S,  Deahpand#  and  F.C.  Kauffwan,  University  ot 
Wryland  School  of  ktedlclne,  Baltimore,  HD  21201. 

Inhibition  of  chol Ineateraae  (ChE)  and  recover/  of  this 
activity  In  varlmj#  tinauea  of  the  rat  were  examined  after  a 
•  ingle  a.e#  lnjactlon  of  60  pg  sorsan/kg.  Within  2  ho,,ra  of 
treatment,  activity  wa*  reduced  by  602  In  aoleua  nu*flri  Nit 
not  altered  In  extenaor  dlRltonn  longue  (P.DL)  naiades.  At  2<t 
houre  after  arfalnlac  rat  Ion  of  the  drug,  OiE  wa*  de,  reaaed 
approxl  mat  e  ly  70T  In  aoleua  iwiscles  and  only  Vit  In  PPL 
■uac  lea.  At  this  time,  plaama  Chfc  waa  depressed  S-H  and  brain 
Chf.  hy  BOt.  In  rontraat,  activity  of  ChE  In  the  superior 
cervical  ganglion  (SOG)  waa  not  al gn 1 f 1  cant  1 y  altered  at  any 
tl«e  period.  Uae  of  Iao-OH*A  or  BW2R4cSl  Indicated  that  both 
paeudochol lneeteraae  and  acet y 1 cho 1 1 nea te raae  In  the  Intact 
ganglion  ln^  vivo  were  not  Inhibited  by  anman.  Aitlon  of  amun 
on  the  SCC  In  vl  vn  differed  from  hroken  cell  preparation*  of 
the  SGG  where  toman  canned  a  profound  Inhibition  ( ha  1  f  - 
Inhibition,  occurred  with  o.'»xHJ  'M  main) .  Thtts.rhK  In 
broken  cell  preparatlona  of  the  SOT.  but  not  the  lnta<t  tla*«ie 
It  senaltlve  to  the  action  of  aomen,  Wrhanlama  reaponalble 
for  rhla  realatance  are  not  known  but  may  Involve  either  the 
pretence  of  hydrolyt  Ic  enxys*e  nr  dlffualon  barrlera 
preventing  mntry  of  the  organophoaphate  Into  the  tlssoa. 
Alternat  Ively,  the  turnover  of  ChE  may  he  very  rapid  In 
autonomic  neural  t  Inane.  (Supported  In  part  by  a  grant  from 
irSAMbC.J 
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AN  ZTTlClttn  IN  VITRO  ASSAY  fOR  ACtTYt/'MCLIMTSTFRASe  Rf...ENEP- 
ATORS  USING  II#tOBILI7.ED  WZYME .  J.  f. .  SlffW  «  A.  H. 

Trauma  1  *  and  B.  T.  Bomhardt .  The  Center  for  Ai'anedi  a] 
Research,  Ifniv.  of  ILanaas,  Ijiwren'-e,  RS  FC044 . 

An  lsfirovmd  aeetylchol  ineateraae  (AChE,  el*»  trie  eel,  F  . 

3.  1.1,7)  assay  for  evaluating  quaternary  pyridiniuw  oxlaw* 
regenerator#  haa  been  developed.  Low  density  polyethylene 
beads  (4  *■)  were  functionalized  to  a  terminal  aldehyde  - jeh 
that  AChE  could  be  iswoblllzed  via  a  Schlff  base  linkage  (Nq.. 
et.  al .  ,  Can.  J.  Bioehem.  SJ_,  1200  (197gjj.  AChE  ac*ivi»y  in 
iSMobillzad  enzyme  containing  coluwrs  could  be  continue j*ly 
monitored  s pact rophotometr leal ly  In  a  closed  loop  fashion 
uaing  acetylthlocholine  and  d \ thiobi a (nl trohenzot c  acid) 

(rzTWB).  The  ayttew  allowed  for  independent  inactivation  and 
reactivation  of  AChE  followed  by  determlnat ,  -m  of  ACh F  act¬ 
ivity.  The  istaobilired  enzyme  exhibited  good  esterase  activity 
(0.4  unite/bead)  and  the  kinetics  for  substrate  hydrolysis 
were  flow-rate  dependent.  The  iaaaobi  1  i  zed  enzyme  regained  its 
activity  upon  storage  at  -16*C  for  at  leaat  one  «on*!..  The 
latwobiliaad  enzyme  could  be  inactivated  with  di  i  sop  r  ■  >yp  1  ?  1  -jor>  - 
phoaphate  (DFP)  and  reactivated  to  Sr’-70%  of  original  activity 
with  N-swthylpyridinlum- 2-carbaldoxiwe  Iodide  'i-»AM)  1  lr.  *#  w, 

in  leas  than  20  minutes.  This  syatea  ha*;  advantages  vv»»  pre¬ 
viously  published  procedures  because  reqener  a* ->r"-a' a  1 /zed 
hydrolysis  of  substrate  is  minimized  and  de  a  - 1 1  ve  t "  r  -  r  •*  a  - 1  i  v  - 
ator  interaction#  are  eliminated,  subs eg  ier ,  ,  minairing  the 
need  to  correct  experimental  results.  (This  t**s»%rrr  was 
supported  by  mn  #DA*r  1  ’- ■-» j  . 


AF64A  REDUCES  ACETYLCHOLINESTERASE  (AChE)  STAINING.  AND  UN¬ 
COVERS  AChE-ROSITIVE  CEIL  B00IES  fN  RAT  HIPPOCAMPUS.  IN  W/,. 
D.s.  Arst*,  Burger* .  A.  Fisher*  and  I.Hanln.  Oepts  Psy¬ 

ch  ia t hy  and  Biology,  Unix,  pgh.,  Pittsburgh,  PA  15213.  «nd 
Israel  Institute  for  Biological  Research.  hess-Zior.a ,  Israel 
Recent  reports  have  demonstrated  the  specific  In  yWo 
choMnotoxfcHy  of  AF64A  (Fisher  et  al.  1982).  we  sought  »o 
extend  these  observations  by  a  hi stochemica 1  approach,  Eigh* 
adult  Sprague-Dawley  rats  were  stereotaxlca ily  injected  with 
AF64A  (2nmol/2  ul).  unilaterally,  in  the  dorsal  hippocampus 
After  5  days,  the  animals  were  treated  with  QFP  (1.5  mg/kg. 

I.m, ),  sacrificed  20  hours  later,  and  perfused  with  lOtneutrai 
buffered  formalin.  Tissue  was  processed  for  AChE  stamlnq  ac¬ 
cording  to  Butcher  and  Bllezlkjlan  H975).  AChE  pa’ferns  of 
(he  non-  injected  hfppocanpvs  were  identic#)  In  those  des-.  rlbed 
for  normal  tissue  (Mosko  et  al.,  1973).  0'  the  other  hand.  In 

the  contralateral ,  AF64A-treated  hlpporampus.  we  observed  a 
marked  decrease  In  AChE  staining  near  *.he  Injection  site.  Tn^ 
decreased  density  of  AChE  staining  produced  by  AF64A  revealed 
AChE -COnta  1  n  1  ng  ceU  bodies  In  the  hllus  Of  the  dentate  gyrus 
These  results  show  that:  1)  AF64A  may  selectively  destroy  ACh- 
contalnlng  nerve  terminals;  2)  under  our  experimental  condi¬ 
tions,  the  effect  of  AF64A  appears  to  be  restricted  to  termi¬ 
nal,  and  not  to  somal  regions  of  cholinergic  neurons,  and  M 
using  AF64A,  we  may  have  uncovered  cholinergic  1ntemeurons  1^ 
the  hippocampus,  such  as  those  Identified  by  Ta’bot  and 
Butcher  (  19J5J .  Neurnc hemtea  1  experiments  to  rorrobora»e  these 
anatomical  results  are  currently  in  progress  #mh)4893 
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RAT  ADRENAL  f  ATFCHf  d  AM  IN!  . .  AND  Till  IH  R  I  ?S YNTHi  P  I  ?.  IN-S,  I  NZYKT.S 
r^BING  on  ATT  WITHTPAWAI  .  pntcr  S  ■  L':3tefa-v‘  art-1  'livr 
p[  twn*  (Sr*lN:  l.M.  Wo,n*r).  S»YJ»,  "i-sta*--  «<*.!.  L'tr., 
Syracuse,  MY  1321'' 

Pat  adrenals  were  assayed  ffir  ca*<»chular  n<>  fCA)  level  r 
tyrosine  hydroxylase  (TIM,  d<  'jam  i  ne *  *  /  1  r  ixy  las*1  (La-H)  arnl 

l  henylethan-'larine-N-*^*,hyiti«rsfecar.e  ,r*:,rT)  activities  a* 

0,  6  hrfl,  l,3,S  and  7  da/S  after  rv-rfhire  w;  t  f»<  S  t  awa  1  .  Pat  6 
were  made  de;-enden»  ne  <r..ri’htr,e  wi'h  tr,  m-j  n-  r  ;  h  i  ne  pellets 
i-flan'eil  Ruhr  itane'"i5  I  %  .  Withdraw.il  was  {  r  i-r  i ;  j  t  a  *  ed  with 
nal  >xone  (3  K.C.  .  >  A,  as  well  as  "H  and  PNMT  feartii- 

prod.ic'S  were  assayed  n.ing  tii  ‘.X’-rC.  P  h  \  i  d.j<  ts  were 
assayed  apect  roph.d'  -^e  •  r  ir  i  i  1  y.  At  6  Ms  ;*-st  wjthdr.j-il 
adrenal  l  f’l  levels  were  r,0%  t  c  *nti  1.  t  P 1  viiues  (,.r«*"er«  * 
to  normal  hy  3  day*  a-d  ah**wed  a  1S«  in-.,  reane  over  contr  M 
«»  S  and  7  lays.  TH  activity  {*ea»ed  at  I  da,  f  w.thdrawjl 


(2Sf%  -f  control)  ad  declined  t -j  i;:%  !  ■ 

Dj'll  ac»ivi»iee  ah'iwed  n  -  elevations  -mtil 
At  day  S  adrenal  !<■.  M  ac  *  .  1  ♦  y  was  2  1S%  f  i 
•  o  ? 2 C %  at  day  7,  N..  m  ;*ul  innt  <•*#'■  je 

rx  :  rred  «t  any  t;  e  j-  int  of  wi«h.lrawa:  ". 
(.1-3.0  r*.|/kg,  t.<.)  waa  f  a}  able  of  ,nhit 
i  adrenal  PTl  at  C  Its  >f  withdrawal.  “v  ‘ 
i  e  n  |  ■  >  n  a  e  was  '.1  *J/«  1  <n1  -axmal  .t  i' 

K-e  >i  f  el  at  l.i  rg/*q.  U  #  1  s-  »• 

i  r~  adrenal  TM  activity  a*  S  te*  witt  the  - 
fw'-Mtring  a'  .1  e-j  1. 


i  >n  *  r  1  a  '  7  U; 

.r ,  3  f  with. It  awa 

■r  *  r  o  1  declining 
-  5  •  ** ;  a<  t  |  .  ;  t  y 
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